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Bond Durability of Carbon Fiber–Reinforced Polymer
Tendons Embedded in High-Strength Concrete
Eleni Toumpanaki1; Janet M. Lees2; and Giovanni P. Terrasi3
Abstract: The structural performance of carbon fiber–reinforced polymer (CFRP) pretensioned structures is controlled by the bond between
the CFRP tendons and concrete. The bond strength of CFRP sand-coated tendons can be affected by humid environments due to the porous
epoxy matrix structure or by defects in the external sand coating layer of CFRP tendons, e.g., due to storage conditions. Pullout tests were
carried out to assess the bond strength performance of sand-coated tendons embedded in high-strength concrete and immersed in water at
either 23 or 40°C. Sand-coated CFRP tendons with two different core diameters of either 4.2 or 5.4 mm were studied. To assess the effect of
the sand coating coverage on the bond, half sand-coated and uncoated tendons were also tested. An image processing technique was de-
veloped to help correlate bond strength variations with variations in the sand coating. An average difference of 24% between the bond
strengths of the half sand-coated and full sand-coated tendons was recorded. A large scatter in the pullout results for the sand-coated tendons
of diameter 5.4 mm was observed and this was attributed to the manufacturing process. There was no clear trend of bond strength degradation
in the sand-coated tendons even after roughly 1.5 years of full immersion in water irrespective of the exposure temperature. However,
an increase in the bond strength of the uncoated tendons and in the bond stiffness of all CFRP tendons was observed. This was felt to
be the result of concrete autogenous shrinkage in high-strength concrete and the potential swelling effects of the tendons in a humid concrete
environment. Analytical models are used to describe the bond stress-slip behavior, and their suitability for sand-coated CFRP tendons is
studied. DOI: 10.1061/(ASCE)CC.1943-5614.0000870. © 2018 American Society of Civil Engineers.
Author keywords: Carbon fiber–reinforced polymer; Durability; Bond strength.
Introduction
Incidents of severe corrosion in steel reinforcement and steel pre-
stressing tendons have been reported in structural applications such
as bridges (Lynch 2012), offshore structures including wind tur-
bines (Kurian et al. 2009), and even power stations (Guimaraes
and Burgoyne 1987). These problems can be the result of a poor
structural design or construction deficiencies that enable corrosive
materials, such as water and deicing salts, to come into direct con-
tact with the steel. In prestressed concrete, steel corrosion can lead
to brittle catastrophic failures as demonstrated by the collapse of the
West Berlin Congress Hall (Feld and Carper 1997). Prestressing
tendons are usually loaded up to 70% of their ultimate tensile
strength. Consequently, the additional margin that allows for an
increase in steel stress due to a reduction in the effective cross-
sectional area as a result of corrosion is limited.
Carbon fiber–reinforced polymer (CFRP) materials can be a
proactive means to avoid chemical corrosion and recurrent prohibi-
tive repair costs. CFRPs are not susceptible to corrosion, have a
high strength-to-weight ratio, and are easier to handle, resulting
in lower transportation and installation costs. Relative to other com-
monly available fiber-reinforced polymers (FRPs), CFRP tendons
can have a higher initial cost but exhibit a greater fatigue and creep
resistance, lower relaxation losses when prestressed, and a superior
durability in a concrete alkaline environment (Ceroni et al. 2006).
Prestressed concrete allows for the tensile strain and strength capac-
ity of CFRPs to be more fully exploited (Burgoyne and Balafas
2007), and the deflections of the structural members can remain
within the serviceability criteria. CFRP rods have a higher tensile
strength (up to 2,400 MPa) than steel rods, which is underused
when used in reinforced concrete. Prestraining CFRP rods in con-
crete results in lower curvatures when both materials are designed
to reach their strain limits at the same time (Burgoyne 1993).
In pretensioned applications, the CFRP tendons are in direct
contact with the concrete and the prestressing load is transferred
to the concrete through the bond between the CFRP tendons
and concrete. To increase the bond strength, sand particles can
be attached to the external surface of CFRP tendons. Although,
unidirectional CFRP tendons exhibit very good mechanical char-
acteristics in the longitudinal fiber direction, their stress-strain
curves are linear elastic up to sudden failure. The tendons are also
weaker in the transverse direction where the properties of the ma-
trix material and the fiber-matrix interphase dominate. Under hu-
mid conditions, the matrix tends to absorb water and consequently
swells and plasticizes leading to a degradation of the mechanical
properties (Ceroni et al. 2006). To date, design guidelines for con-
crete reinforced with carbon FRP (CFRP) have proposed strength
reduction factors for environmental exposure. However, these may
not reflect the complexities of the stress field interactions, and there
can be a lack of underlying evidence to support the recommenda-
tions (Huang and Aboutaha 2010). Strength reduction factors tend
to relate to fiber-dominated properties, such as tensile strength
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(ACI 2015), but do not necessarily reflect matrix-dominated proper-
ties, such as the bond performance, shear strength, dowel strength,
and creep, all of which can be degraded due to exposure in wet envi-
ronments. Another factor not explicitly considered by standards is
the manufacturing process of the CFRP tendons and, in particular,
the curing (Krishna et al. 2010). All these factors can affect the bond
strength of CFRP tendons. This is important in pretensioned struc-
tures where the anchorage mechanism (transfer of the prestressing
force) and the structural integrity are ensured through the bond.
The aims of this study are to shed light on the bond durability per-
formance of sand-coated CFRP tendons when embedded in high-
strength concrete and directly exposed in water, and to study the
quality of the sand coverage in CFRP tendons.
Bond Performance of CFRP Tendons
The bond stress transfer between FRP tendons and concrete is char-
acterized by the combined effects of chemical adhesion, mechani-
cal interlocking, and friction. In sand-coated tendons adhesion and
friction have been proposed as the main bond mechanisms
(Cosenza et al. 1997), but concrete pullout failure mechanisms
(Al-Mahmoud et al. 2007; Robert et al. 2009) have also been re-
ported, suggesting that high bearing stresses can develop from the
mechanical interlocking effect. Friction provides the main bond
resistance after bond failure takes place. The bond behavior is af-
fected by the concrete strength, the tendon diameter, and the FRP
surface profile. Depending on these factors, failure may take place
within the concrete, at the concrete/FRP interface or at the outer
resin/core tendon interface.
The concrete strength can affect the bond strength of CFRP rods
if it is lower than a certain limit [15 MPa (Achillides and Pilakoutas
2004) or 30 MPa (Pecce et al. 2001)] such that failure takes place in
the concrete. Otherwise, the failure interface resides within the resin
layer. Different surface deformation patterns of the FRP rods or a
lack of experimental data in certain concrete strength ranges lead
to different conclusions about the proposed limit concrete strength
values (15–30 MPa). A concrete strength dependency can also be
reflected in the bond stress-slip performance of CFRP sand-coated
tendons. Baena et al. (2009) observed that in normal strength
concrete (fcu ¼ 27–30 MPa) the bond degradation after failure
was smoother and associated with the pullout of the sand particles,
whereas in higher-strength concrete (fcu ¼ 47–55 MPa) the bond
decay was sudden followed by the shearing off of the whole sand
coating and resin-rich layer. Mixed-type bond failures have been also
reported for concrete strengths of 25–40 MPa (Tepfers and Karlsson
1997; Lee et al. 2008). An increase in the bond strength has been
observed with increasing concrete strength (Lee et al. 2008) as a
function of the ratio of the failure interface in the concrete to that
in the resin. In high-performance concrete, higher bond strength val-
ues compared with normal concrete have been obtained due to the
beneficial confining action of the autogenous shrinkage (Larrard
et al. 1993; Sayed et al. 2011).
According to Achillides and Pilakoutas (2004), FRP bars with a
greater diameter develop a lower bond strength due to the syner-
gistic effects of the Poisson’s ratio effect (anisotropic behavior of
FRPs) and shear lag. Shear lag would be expected to be more pro-
nounced in specimens with a lower Young’s modulus and with a
rich outer resin layer leading to a nonuniform distribution of the
normal axial stresses [Fig. 1(a)]. An overview of investigations into
the effect of the bar diameter on the average bond strength is de-
picted in Fig. 1(b). Tests associated with CFRPs, glass fiber–
reinforced polymers (GFRPs), and steel have been differentiated.
Most experimental data is based on embedment lengths of 5
and 10 times the bar diameter and the average bond strength derives
from the pullout load divided by the surface bonded area. A de-
crease in bond strength with increasing diameter was generally
observed with the exception of results reported in Davalos et al.
(2008). Achillides and Pilakoutas (2006) found that the difference
in the Young’s modulus between FRP bars (CFRP versus GFRP)
seemed not to influence the shear lag effects although GFRP bars
showed a greater splitting tendency in beam tests when an adequate
cover was not provided. Larrard et al. (1993) carried out beam bond
tests on high-performance concrete specimens reinforced with de-
formed steel bars and a 60% decrease in the bond strength was
reported with a 15-mm increase in diameter. This substantial differ-
ence was attributed to a decrease in the compressive confining
stresses from the concrete autogenous shrinkage. GFRP bars em-
bedded in high-strength concrete (fcu ¼ 79 MPa) (Chaallal and
Benmokrane 1993) developed a 5–23% lower bond strength when
Fig. 1. (a) Shear lag effect (reprinted from Achillides and Pilakoutas 2004, © ASCE); and (b) effect of diameter on the average bond strength.
3D − 10D = bonded length in terms of diameter D; NSC = normal strength concrete; HSC = high-strength concrete (fc;cylinder > 50 MPa); and
UHPFRC = ultrahigh-performance fiber reinforced concrete (fc;cylinder ¼ 170 MPa).
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the diameter was increased by 25%, whereas GFRP bars with the
same difference in diameter in normal strength concrete showed a
smaller variation in bond strength (3–17%). It has been argued that
the longer embedment lengths in pullout tests with higher bar diam-
eters result in lower average bond strengths due to the nonuniform
bond stress distribution (Achillides 1998). Baena et al. (2009) high-
lighted that among FRP bars with the same surface profile, the
deformation pattern is “denser” in smaller diameters and bond
stress-slip curves with more abrupt strength losses after failure
can result. In the same study, the differences in the diameter seemed
not to affect the stiffness of the bond stress-slip curves but FRP bars
with a higher Young’s modulus demonstrated higher bond stiffness
in the ascending branch of the bond stress-slip relationship.
The FRP surface profile plays a significant role in the bond
strength. Smooth CFRP rods exhibit a poor bond performance
(1–3 MPa) due to the absence of the mechanical interlocking
mechanism and they are mainly used for research purposes. The
effect of the resin type on the adhesive bond strength in terms
of chemical bonding is not fully understood, and Nanni et al.
(1995) showed that the composition of the outer resin-rich layer
plays a role. The resin-rich layer can enhance the shear lag phenom-
ena in the smooth rods leading to lower bond performances. How-
ever, bond strength values of smooth CFRP rods of up to 25 MPa
have been reported in ultrahigh-performance fiber-reinforced con-
crete by Sayed et al. (2011) due to the confinement from autog-
enous shrinkage. In sand-coated tendons the bond strength has
been shown to be related to the grain size in the sand coating layer
and the resulting variations in the mechanical interlocking effect.
However, a direct relationship between grain size and bond strength
based on previous experimental studies (Okelo and Yuan 2005;
Esfandeh et al. 2009; Sayed et al. 2011) remains inconclusive. Most
studies make no direct reference to the grain size of the sand
particles. Moreover, the development of a variable to quantify
the surface profile is difficult for sand-coated tendons due to the
irregularity of the surface profile pattern.
Al-Mahmoud et al. (2007) did a comparative analysis on the
effect of the grain size distribution (0.1–0.2, 0.2–0.3, and 0.3–
0.4 mm) on the bond performance by testing pultruded CFRP rods
with a diameter of 12 mm. The greatest bond strength was reported
for grain sizes in the range of 0.3–0.4 mm. A refinement in the grain
size changed the bond failure from full shearing off the sand coat-
ing layer (sand particles and resin-rich layer) to the shearing off of
the sand particles for grain sizes between 0.1 and 0.2 mm. At a
given concrete strength, the bond decay after failure was smoother
for grain sizes of 0.1–0.2 mm. An increase in the bond strength of
sand-coated FRP bars with coarse grain size has also been reported
elsewhere (Nurchi and Matthys 2002; Guadagnini et al. 2004).
However, differences in the fiber type and Young’s modulus should
also be considered.
In conclusion, the bond strength depends on the combined effect
of the concrete strength, the diameter, the surface geometry, the
sand coating and the mechanical properties of the external resin
layer. These parameters dictate how the bearing stresses developed
during the pulling out of the FRP bar can be resisted by the concrete
keys between sand particles of the FRP bar. An increase in the sand
particle size increases the area of the concrete key between adjacent
sand particles, and a shearing off failure of the whole sand coating
layer is more likely. However, the bond strength of a sand-coated
CFRP tendon relies not only on the percentage of the sand particles
but also on the stiffness and the mechanical properties of the ex-
ternal resin layer where the bond failure interface lies. These prop-
erties can be greatly affected by the curing conditions during the
manufacturing process.
Effect of Humid Environments on the Bond Strength
of FRP Bars
To study the long-term bond performance of FRP bars, several meth-
ods to accelerate time have been adopted including exposure to high
temperatures or high-humidity environments. The simulated condi-
tions should be representative of the field conditions and consider the
effect on the interaction between concrete and CFRP reinforcement.
There is no standard method for determining the FRP–concrete bond
durability but two methodologies have been proposed in the litera-
ture. The first consists of preexposing the CFRP reinforcement di-
rectly to wet solutions and then casting the tendon in concrete
(Al-Dulaijan et al. 2001; Ward 2009; Bakis et al. 1998). The influ-
ence of the concrete as a protective layer for the tendon is neglected.
However, there are concerns that the degradation induced in this way
is not representative of the actual environmental conditions and is
potentially too aggressive. The second method involves exposing
FRP–concrete pullout specimens to high-humidity environments
at elevated temperatures (Davalos et al. 2008; Porter and Barnes
1998, Robert and Benmokrane 2010; Zhou et al. 2012). The elevated
temperature accelerates time based on the Arrhenius principles.
However, thermal expansion and swelling effects of the epoxy in
the CFRP reinforcement should also be considered. A rise in temper-
ature seems to be beneficial for the early concrete strength, but may
have an adverse affect from about 7 days onward (Neville 2011), due
to a nonuniform distribution of the hydration products (Verbeck and
Helmuth 1968) after a rapid initial curing. However, this effect
should be more limited in high-strength concrete with a lower
water:cement (w:c) ratio [ACI 305R-91 (ACI 1991)].
Past research on the bond durability of FRP bars has tended to
focus on GFRP bars and polyester and vinylester matrices. The ex-
perimental findings are contradictory and there is no clear conclu-
sion on the effect of humid conditions in the bond strength of FRP
bars. An insignificant bond strength degradation of GFRP rods with
a vinylester resin has been observed when pullout test specimens
were immersed in either a concrete alkaline or water bath at 60°C
(Porter and Barnes 1998) or in tap water at either 23, or 40, or 50°C
(Robert and Benmokrane 2010). In the latter study, material deg-
radation was not observed as confirmed with optical microscopy
pictures and differential scanning calorimetry (DSC) tests (Tg val-
ues). However, Bank et al. (1998) observed white blistering in
smooth GFRP rods with polyester or vinylester resin after exposure
of concrete specimens in tap water at 80°C for 12 weeks. They ar-
gued that the resulting surface roughening had a beneficial effect on
the bond strength (mechanical interlocking). It was postulated that
the immersion conditions filled the concrete pores with alkaline
solution and led to the deterioration of the surface of the rods
as observed from optical microscopy pictures.
Davalos et al. (2008) noted a bond strength reduction of about
7–10% for sand-blasted CFRP bars and 5–20% for sand-coated
GFRP bars (vinylester) after immersion in water at 23 or 60°C
for 90 days. Other helically wrapped and sand-coated GFRP prod-
ucts with a vinylester matrix tested in the same study showed more
severe surface degradation and color changes under the same ex-
posure conditions. The exposure increased the slip values at the free
end but there was no change in the bond failure mode. Temperature
fluctuations seemed to deteriorate the adhesion bond mechanism in
GFRPs and cause concrete microcracking. Ward (2009) precondi-
tioned smooth and sand-coated CFRP tendons at 20 and 60°C
in water for up to 13 weeks. The exposed tendons were then cast in
concrete and the FRP–concrete samples subsequently immersed in
a water tank at 20°C. An estimated decrease of 10% was observed
in sand-coated tendons preconditioned in water at 60°C compared
with specimens preconditioned in water at 20°C for 1 week. Firm
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conclusions for the sand-coated tendons could not be drawn due to
the scatter in the experimental data, possibly due to the sand coating
variability. Scott (2009) observed from scanning electron micros-
copy (SEM) pictures that exposure of CFRP tendons to concrete
pore solution can lead to a slight corrosion of the sand particles.
However, Robert and Benmokrane (2010) observed no degradation
at the interface between sand coating layer and concrete of exposed
pullout test GFRP specimens by carrying out optical microscopy.
Al-Dulaijan (2001) preconditioned smooth and machined glass/
vinylester rods in various solutions (ammonia, acetic acid, and
deionized water) for 28 days and then cast them in concrete to carry
out bond tests. A 115% increase in the bond strength of smooth
glass/vinylester rods was observed due to surface roughening.
Smooth carbon epoxy bars in ammonia showed a 37% decrease
in bond performance that was attributed to the competing mecha-
nisms of surface roughening and matrix plasticization. The ma-
chined rods were manufactured by lathing the surface of smooth
rods and thus the protective resin-rich layer was removed. The
fiber/matrix interface was directly exposed and the bond strength re-
ductions were more pronounced. Existing experimental results relat-
ing to the bond performance after exposure are summarized in
Figs. 2(a and b). It can be concluded that GFRP bars, usually asso-
ciated with a vinylester or polyester matrix, show an inferior bond
performance compared with CFRP bars with an epoxy matrix. This
is the result of observed white blistering, plasticization, and degra-
dation of the matrix layer in most GFRP studies that can either yield
lower or higher bond strength due to the enhanced mechanical inter-
locking effect in the latter case. Observed experimental variations
among authors can be also attributed to differences in the chemical
structure of the matrix component of FRP bars among manufacturers
that is usually proprietary. Different matrices exhibit different long-
term durability performance, whereas the continuous developments
of matrix formulations by suppliers can affect the intended mechani-
cal performance (Lees et al. 2017) and durability. Another aspect to
Fig. 2. Effect of exposure conditions on bond performance: (a) 23°C; and (b) 60°C.
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consider is how the concrete environment including the internal
moisture conditions and concrete alkalinity interacts with the FRP
bars. High permeability is expected in concrete with high w:c ratios
where the capillary pores are filled with water. In highly permeable
concrete, FRP bars can be more susceptible to degradation due to the
greater presence of concrete pore solution. However, at similar w:c
ratios, increases in bond performance were observed for FRPs with a
polyester matrix at longer exposure times (Abbasi and Hogg 2005;
Zhou et al. 2012). The effects of competing mechanisms such as
swelling effects, concrete shrinkage (low w:c ratio), and matrix deg-
radation on the bond strength of FRP tendons within a concrete envi-
ronment are difficult to differentiate.
Experimental Program
An experimental program was designed to investigate the bond
performance of sand-coated CFRP tendons cast in high-strength
concrete and immersed in water.
Materials
Three groups of CFRP tendons, C-UN, C-SL, and D, were tested. The
material and the mechanical properties of the tendons are summarized
in Table 1. The Group C-UN and D tendons have the same carbon
fiber and epoxy material. The Group C-SL tendons differ in their ep-
oxy and carbon fiber type and exhibit a 5% higher elastic Young’s
modulus and a 43% higher tensile strength than Group D tendons.
The Group D tendons have a larger diameter (D ¼ 5.4 mm) than
the Group C-SL and C-UN tendons (D ¼ 4.2 mm).
The sand-coated tendons as supplied by the manufacturer were
denoted as full sand-coated tendons (FS). Partial losses of sand par-
ticles, unevenly distributed, were observed. This was attributed to
handling, storage, and transportation conditions in industry. Partial
sand-coated tendons were manually prepared from Group C-SL by
removing the sand coating layer with a blade over half the surface of
a typical sand-coated tendon. These specimens were denoted as half
sand-coated tendons (HS). The stiffest and densest sand-coated re-
gion, as visually identified, was preferentially selected to be retained
in the half sand-coated tendons. The manufacturing process of the
sand-coated tendons consists of two principal steps. First, the core
tendon diameter is manufactured by pulling the carbon fibers
through a resin bath. The fibers are aligned into a compact cylindrical
geometry and the first curing takes place in the preformer dies. Sec-
ond, the external sand coating layer is manufactured. Resin is in-
jected on the tendons from the top and spraying of the sand
particles follows. A second heating process occurs to cure the outer
resin-rich layer. Before the second curing process agglomeration of
resin and sand particles is postulated to take place at the bottom of
the tendon due to gravity. This is the reason why a stiffer sand coat-
ing layer was observed in almost half of the surface. As will be dis-
cussed, an image processing method was developed to quantify the
variations in the sand coating layers. Smooth tendons (Group C-UN)
with a diameter of 4.2 mm were also tested. The surface conditions
of the CFRP tendons studied are schematically shown in Fig. 3(a).
Table 1. Material properties of CFRP tendon specimen
Type of property C-UN C-SL D
Matrix/epoxy hardener EPR 4434/EPH 943 Rutapox 4539/No data EPR 4434/EPH 943
Fibers Tenax UTS 5631 Tenax UTS 5131 Tenax UTS 5631
Nominal core tendon diametera (mm) 4.2 4.2 5.4
Quartz sand coating: grain size (mm) — 0.4–0.63 0.4–0.63
Volume fraction 0.64 0.63 0.64
Ultimate tensile strength: average (MPa) 1,913 2,733 1,913
Longitudinal elastic modulus: EL (GPa) No data 163 155.7
Glass transition temperature Tg−onset (°C) No data No data 121 (DMTA)
Initial condition Uncoated Originally sand-coated Originally sand-coated
aThe core tendon diameter is the diameter without the sand coating layer (resin-rich layer and sand particles).
Fig. 3. (a) Schematic illustration of sand coating coverage in HS, FS, and UN tendons, outer surface in (b) sand-coated tendon; and (c) uncoated
tendon.
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Figs. 3(b and c) show the outer layer of a sand-coated and uncoated
tendon respectively. No resin-rich layer was observed in the uncoated
tendon profile as provided by the manufacturer.
The high-performance concrete consisted of a mix of high-
strength cement CEM I 52.5R, fly ash, microsilica, and polypro-
pylene (PP) fibers. The maximum size of the aggregates used
was 6 mm. Two concrete mixes, I and II, were cast. The differences
between the mixes lie in the w:c ratio, the amount and type of plas-
ticizer, the application of vibration, and the curing process (air or
wet) after casting. Concrete mix I was used for the full and half
sand-coated tendons from Group C-SL and for the C-UN smooth
tendons. The Group D sand-coated tendons were cast with concrete
mix II. All these variables are summarized in Table 2. The slump
flow in both concrete mixes was measured according to ASTM
C1611/C1611M-09b (ASTM 2009) standards.
Test Methods
All the pullout test specimens consisted of a 300-mm CFRP tendon
concentrically embedded in a 100 × 100 × 100-mm concrete cube.
A central bonded region of 40 mm was provided for all the tendons
irrespective of the diameter. This corresponded to 9.5D for Groups
C-UN and C-SL and 7.4D for Group D, where D is the diameter of
the core tendon (Table 1). Two unbonded regions at the free and
loaded end were formed with plastic tubes before casting. The
loaded end is defined as the end closer to the crosshead of the Ins-
tron machine where slip values are first recorded during pulling out
(Fig. 4). The sand coating on the unbonded region at the free end
was removed with a sharpened blade. This enabled a more
representative measurement of the bond friction component by
avoiding a coated region entering the failure interface and thereby
artificially increasing the residual bond strength. Concentric pullout
tests were adopted to measure the bond performance between the
CFRP tendons and concrete due to their simplicity and for refer-
ence with existing literature. The pullout tests were carried out in an
Instron machine with a 30-kN load cell capacity in a displacement
control mode. The testing machine head speed was 0.5 mm=min
and satisfied the ACI 440 guidelines (ACI 2001) for pullout tests
(speed not greater than 1.27 mm=min). The CFRP reinforcement
was pulled out from the concrete block that reacted against a fixed
steel plate. A layer of plaster was applied on the top concrete loaded
face to ensure a uniform contact with the steel plate. Details of the
test setup are depicted in Fig. 4. The loaded end and free end slip
values were recorded with linear variable differential transformers
Fig. 4. Pullout test setup: (a) drawing; and (b) photo of actual pullout test.
Table 2. Concrete properties: Mixes I and II
Type of property Concrete mix I Concrete mix II
w:c 0.3 0.31
Plasticizer type Glenium C315 Glenium SKY
Plasticizer amount (lt=m3) 7.53 13.59
Slump flow (mm) 520 350–360
Vibration No Yes
Initial curing Immersion in a water bath at 23°C (7 days) Air curing by sealing with plastic sheeting at
19.7 1.1°C and RH ¼ 52 6.7% (14 days)
fcu (7 day)-cube strength (MPa) 55.9 2.6 75.4 1.1
CFRP tendons C-SL, C-UN D-S
© ASCE 04018032-6 J. Compos. Constr.
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(LVDTs). Any displacement of the steel reaction plate was recorded
with an LVDT during testing. Two strain gauges were attached to
the CFRP tendons at the loaded end. Mechanical wedge anchors
were used to grip the full and half sand-coated tendons. However,
expansive cement anchors were required for the smooth uncoated
tendons. The loaded end of the uncoated CFRP tendon was potted
in a steel tube with a diameter of 38 mm, thickness 6 mm, and
length of 100 mm with BRISTAR expansive cement using
1.9 kg=m (per unit length of tube) and a 27.5% water content
(Lees et al. 1995). The specimens were left sealed in the lab for
3 days for the expansive cement to cure.
The initial C-SL and C-UN tests were conducted with a different
instrumentation arrangement. The loaded end slip values were mea-
sured with only one LVDT and this resulted in inaccuracies. There-
fore, the revised test arrangement, as shown in Fig. 4, was adopted
with two LVDTs attached to the loaded end of the reinforcement.
To calculate the slip at the loaded end, the average readings from
the two LVDTs were corrected for the tendon extension and plate
displacement. The concrete deformation was considered to be neg-
ligible and not taken into account in the loaded end slip values.
Direct readings of the free end slip were recorded using two LVDTs
attached to the tendon.
Exposure Regime
To accelerate the environmental conditioning, the FRP–concrete
pullout test specimens were immersed in tap water in polypropyl-
ene containers at 40°C. To avoid degradation in the gripping
anchorage region, the loaded end was excluded from immersion.
The sealed bond breakers remained in place in the immersed spec-
imens to prevent water diffusion in the CFRP/concrete interface
through the ends of the bonded length, and 40°C was judged to
be a safe accelerating temperature that would not result in concrete
cracking based on an elastic thick-walled analysis (Aiello et al.
2001) in which the concrete cube was simulated as a cylinder sub-
jected to an internal pressure caused by the thermal expansion of
the CFRP tendon.
The matrix of the exposure conditions for the CFRP tendons is
presented in Table 3. The specimens were identified as a-b-c-d-e,
where a denotes the material group (C-SL, C-UN with D ¼
4.2 mm and D with D ¼ 5.4 mm), b denotes Concrete mix I or
II, c denotes the sand coating layer condition (FS: full sand-coated
tendons, HS: half sand-coated tendons, and UN: uncoated tendons),
d denotes the exposure temperature (23 or 40°C) or a control speci-
men (c), and e denotes the exposure time. The curing regime for the
control specimens differed between Concrete mixes I and II. For
Concrete mix I, all specimens were immersed in water at 23°C
for 7 days and then the accelerated ageing commenced. For Con-
crete mix II, the specimens were first air cured for 14 days and then
the exposure program started with immersion in water at the re-
quired temperature. In total, 38 Group C specimens were tested.
Thirty-seven Group D specimens were cast and of these 32 spec-
imens were tested, 4 were kept for future long-term testing, and 1
specimen was not tested but instead used to take microscope pic-
tures to detect any potential splitting cracking from swelling and
thermal effects.
During the scraping off of the sand coating in the unbonded
regions, a stiffer coating was observed in certain D-II-FS and
C-SL-I-FS specimens. Higher bond strengths were expected from
these pullout test specimens. Therefore, these specimens were pur-
posely selected as a control and long-term exposure specimens to
detect any potential bond strength degradation due to exposure and
avoid any misleading conclusions. To study any bond variability in
adjacent regions along a CFRP tendon coil, the D-II-FS CFRP ten-
dons were cut in four lengths from a continuous 1.2 m length of
tendon. Two specimens from each subgroup in the D-II-FS series
were exposed at either 23 or 40°C and tested at the same expo-
sure time.
Image Processing of Sand Coating Layer Variability
To measure the variations in the sand coating layer of the full
(C-SL-I-FS and D-II-FS) and half sand-coated tendons (C-SL-I-HS),
microscopy photos of the bonded region were taken before casting
and analyzed using an image processing technique. Fig. 5 summa-
rizes the features of the surface regions observed in the sand-coated
tendons. Bare areas [Fig. 5(a)], rough resin-rich layers [Fig. 5(b)],
sand-coated areas [Fig. 5(c)], and agglomerated regions of sand
particles [Fig. 5(d)] were identified. Figs. 5(e and f) enable a better
visualization of these regions in a cross-section and a bonded re-
gion of a CFRP sand-coated tendon respectively. The principal
bond mechanism is the mechanical interlocking between the con-
crete layer and the sand particles. A secondary mechanical inter-
locking mechanism is generated between the concrete layer and
the rough resin-rich surface. The contribution of this mechanism
is likely to be lower because the depth of penetration of the
Table 3. Exposure programme for pullout tests
Specimen Exposure Temperature (°C)
Exposure time (weeks)
0 2.5 8 10 16 20 35 46 71
Full sand-coated tendons
C-SL-I-FS-c-0 Control Wet cure ×ð2Þ — — — — — — — —
C-SL-I-FS-23-e Water 23 — ×ð2Þ ×ð2Þ — ×ð2Þ — — — ×ð2Þ
C-SL-I-FS-40-e Water 40 — ×ð2Þ ×ð2Þ — ×ð2Þ — — — ×ð2Þ
D-II-FS-c-0 Control Air cure ×ð5Þ — — — — — — — —
D-II-FS-23-e Water 23 — — — ×ð4Þ — ×ð4Þ ×ð4Þ ×ð4Þ —
D-II-FS-40-e Water 40 — — — ×ð4Þ — ×ð4Þ ×ð4Þ ×ð4Þ —
Half sand-coated tendons
C-SL-I-HS-c-0 Control Wet cure ×ð2Þ — — — — — — — —
C-SL-I-HS-40-e Water 40 — ×ð2Þ — — — — — — —
C-SL-I-HS-23-e Water 23 — — ×ð2Þ — — — — — ×ð2Þ
Uncoated tendons
C-UN-I-UN-c-0 Control Wet cure ×ð4Þ — — — — — — — —
C-UN-I-UN-23-e Water 23 — ×ð2Þ ×ð2Þ — ×ð2Þ — — — —
C-UN-I-UN-40-e Water 40 — ×ð2Þ ×ð2Þ — ×ð2Þ — — — —
Note: ×ðAÞ: A = number of tested specimens; and e = exposure time in weeks.
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remaining resin layer in the concrete is low compared with the cor-
responding depth achieved through the sand particles. The highest
degree of mechanical interlocking is achieved through the agglom-
eration of the sand particles. Gaps between the sand coating layer
[Fig. 5(c)] do not necessarily result in a decrease in bond perfor-
mance and can even enhance the mechanical interlocking mecha-
nism. The sand between consecutive gaps can act as a macroshear
key like the surface ribs in deformed FRP bars.
A MATLAB script was written to process the photos for each
specimen. The approach used to edit the photos was based on the
dilation and erosion method as described by Gonzalez et al.
(2010). This methodology is used to create areas with uniform in-
tensity values and enhance the contrast between sand-coated, resin-
rich, and uncoated areas. The method is summarized in Fig. 6. The
raw image of the bonded region [Fig. 6(a)] is converted into a gray-
scale image [Fig. 6(b)] to save computational processing time. The
bond region of interest is cropped to the top half of the outlined ten-
don area [Fig. 6(c)]. This area was comparably brighter and enabled
a better identification of the sand particles. A uniform background
illumination of the uncoated area is achieved through a morphologi-
cal opening technique using a “structuring element” greater than the
size of a sand particle [Figs. 6(d and e)]. The bright areas of the sand
particles are enhanced with a morphological closing technique and a
structuring element small enough to suppress the dark details. An
image with an enhanced contrast is then created by adding the differ-
ence of the opening from closing technique to the original grayscale
image. The sand coating coverage was estimated from the intensity
pixel values of the sand particle regions, e.g., intensity values within
the range, I ¼ 90–255, denoted a sand-coated region. The selected
threshold intensity values to define the sand particle, resin-rich, and
uncoated areas were based on average intensity values calculated
from sample regions. These values were adopted as the criteria to
calculate the ratio of sand particles (Rsand), resin layer (Rresin),
and uncoated surface (Run), because each region provides a different
contribution to the bond performance. The ratios were defined as the
number of pixels that are within the specified range for each region
divided by the total size of the cropped image. A deviation of maxi-
mum 2% was observed between images of the same coated area due
to differences in light conditions. Further details can be found in
Toumpanaki et al. (2014).
Bond Failure Mode Inspection
To study the bond failure mechanism, two methods were adopted.
The first method, Method I, was used for the majority of the spec-
imens and involved splitting open the pullout test specimens in the
longitudinal direction (along the CFRP tendon). Further insight was
gained using a second method, Method II, where selected pullout
specimens were cut transversely with a diamond saw. A concentric
sample was cut from the specimen and cast in molds with fluorescein
epoxy. The samples were placed in a vacuum for the fluorscein ep-
oxy to penetrate into the failure interface or any microcracks. The
fluorescein epoxy was left in lab conditions to cure for 1 day.
The specimens were demolded and polished with abrasive silicon
paper and then studied visually in a Leica DM LM optical micro-
scope. This method was used to detect any radial cracking in the
concrete layer. Optical microscopy pictures were taken from slices
from both the free and the loaded ends to distinguish if there were
any differences at the CFRP/sand coating layer interface (failed inter-
face). The unbonded length at the free end was fully immersed
so any tendon swelling effects due to exposure could in principle
be identified from an absence of fluorescein at the interface.
Experimental Results
The experimental bond strengths are summarized in Table 4. The
maximum bond strengths, τ , were derived as the peak pullout load
divided by the surface bonded area at the pultruded tendon core
level, assuming an average bond stress distribution. The concrete
compressive strengths, the elastic modulus of the CFRP tendons
back-calculated from the strain readings, the slip at the loaded
end at failure, and the type of pullout load-slip behavior are also
included in Table 4. The slip values at the loaded end obtained us-
ing the initial pullout test set up were not included because they
were not comparable with the rest of the data. The pullout load-slip
Fig. 5. (a) Uncoated bare surface; (b) uncoated rough resin layer;
(c) sand-coated area; (d) sand-coated area—agglomerated sand parti-
cles; (e) microscope image of sand-coated tendon cross-section; and
(f) bonded region of a sand-coated tendon.
Fig. 6. (a) RGB image; (b) grayscale image; (c) cropped image; (d) pixel size of sand particles; (e) morphological opening method; and (f) enhanced
contrast.
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behavior was classified as being either abrupt or smooth, as de-
picted in Fig. 7. The abrupt load-slip plots [Fig. 7(a)] were char-
acterized by a sudden drop after the peak load typically associated
with a loud noise. In the descending branch the bond strength
progressively built up to a secondary peak and then gradually de-
creased with a fairly constant gradient. The average bond strength
value at the constant decreasing gradient of the descending branch
was taken as the frictional bond component. The smooth pullout
load versus slip behavior [Fig. 7(b)] was identified by a gradual
decrease in pullout load with increasing slip, and no noise was
noted.
The lowest average bond strengths, between 3.7 and 6.3 MPa,
were recorded for the smooth tendons C-UN-I-UN. This repre-
sented 17–30% of the average bond strength measured for sand-
coated tendons with the same diameter (C-SL-I-FS). Similar bond
values for smooth carbon epoxy tendons have been reported by
Al-Mahmoud et al. (2007) and Nanni et al. (1995). The highest
bond strength values were recorded for the 4.2-mm sand-coated
CFRP tendons. The C-SL-I-FS average bond strength irrespective
of the exposure regime was 21.0 2.80 MPa [standard deviation
(STDV)]. The highest standard deviations were observed in the
control specimens and specimens exposed at 40°C for 71 weeks,
where the stiffest sand coating layer had been observed during
the preparation of the test series. The C-SL-I-HS specimens had
an average bond strength value of 15.9 1.10 MPa (STDV).
Hence the half sand-coated tendons had a 24% lower bond perfor-
mance when compared with the equivalent full sand-coated ten-
dons. The average bond strength for the D-II-FS specimens,
irrespective of the exposure, was 9.9 4.80 MPa (STDV). The
D-II-FS group consistently exhibited greater bond strength varia-
tions due to the sand coating variability, and there was a maximum
absolute strength difference of 21.0 MPa between tendon lengths
from the same CFRP tendon coil. The pullout load slip behavior
was mainly abrupt for the full and half sand-coated tendons. Analo-
gous bond stress-slip responses have been recorded in sand-coated
CFRP bars with a coarse grain size in normal strength concrete
(Al-Mahmoud et al. 2007; Baena et al. 2009). This type of behavior
is usually related with either the shearing off of the sand particles or
a mixed concrete pullout failure. In the D-II-FS series, specimens
cut from adjacent tendon lengths exhibited the same type of pullout
load versus slip behavior (smooth or abrupt). This emphasizes the
Table 4. Pullout test results
Specimen
Exposure
time (weeks)
Bond strength,
τ (MPa)
Concrete strength,
fcu (MPa)
Longitudinal
elastic modulus,
EL (GPa)
Loaded end
slip value at
failure, sl (mm)
Free end
slip value at
failure, sf (mm)
Pullout load-slip
behavior
C-SL-I-FS-c-0 Control 22.1 (6.63) 55.9 N/A N/A N/A Abrupt
C-SL-I-FS-23-2.5 2.5 20.4 (0.25) 87.2 148 N/A N/A Abrupt
C-SL-I-FS-40-2.5 2.5 21.1 (0.11) 103 151 N/A N/A Abrupt
C-SL-I-FS-23-8 8 19.8 (0.83) 99.2 161 0.69 (0.24) 0.08 (0.00) Abrupt
C-SL-I-FS-40-8 8 19.2 (1.10) 98.9 151 0.40 (0.03) 0.04 (0.02) Abrupt
C-SL-I-FS-23-16 16 19.5 (1.76) 99.4 145 0.56 (0.34) 0.04 (0.04) Abrupt
C-SL-I-FS-40-16 16 21.1 (1.63) 110 146 0.56 (0.11) 0.04 (0.00) Abrupt
C-SL-I-FS-23-71 71 20.6 (1.59) 106 157 0.38 (0.00) 0.04 (0.01) Abrupt
C-SL-I-FS-40-71 71 24.8 (5.64) 106 148 0.48 (0.01) 0.04 (0.05) Abrupt
D-II-FS-c-0 Control 6.8 (0.98) 82.2 142 0.19 (0.11) 0.02 (0.01) Smooth
D-II-FS-23-10 10 11.8 (5.37) 112 145 0.25 (0.11) 0.05 (0.02) Abrupt + smooth
D-II-FS-40-10 10 8.1 (0.95) 111 144 0.16 (0.02) 0.04 (0.01) Abrupt + smooth
D-II-FS-23-20 20 6.1 (0.63) 110 142 0.07 (0.06) 0.01 (0.00) Abrupt
D-II-FS-40-20 20 7.9 (1.09) 106 141 0.12 (0.03) 0.02 (0.01) Abrupt
D-II-FS-23-35 35 8.4 (0.65) 115 142 0.16 (0.07) 0.02 (0.01) Abrupt + smooth
D-II-FS-40-35 35 13.3 (4.14) 115 144 0.22 (0.13) 0.02 (0.01) Abrupt
D-II-FS-23-46 46 12.3 (6.81) 108 142 0.35 (0.07) 0.03 (0.02) Abrupt
D-II-FS-40-46 46 17.0 (8.25) 116 146 0.31 (0.18) 0.06 (0.03) Abrupt
C-SL-I-HS-c-0 Control 16.9 (1.07) 55.9 150 N/A N/A Abrupt
C-SL-I-HS-40-2.5 2.5 15.1 (0.45) 103 146 N/A N/A Abrupt
C-SL-I-HS-23-8 8 15.2 (1.65) 99.2 146 0.74 (0.49) 0.08 (0.06) Abrupt + smooth
C-SL-I-HS-23-71 71 16.2 (0.72) 106 150 0.33 (0.02) 0.03 (0.00) Abrupt
C-UN-I-UN-c-0 Control 3.7 (0.44) 64.7 140 0.39 (0.27) 0.12 (0.03) Smooth
C-UN-I-UN-23-2.5 2.5 4.6 (0.64) 87.2 141 N/A N/A Smooth
C-UN-I-UN-40-2.5 2.5 4.8 (0.36) 103 141 N/A N/A Smooth
C-UN-I-UN-23-8 8 4.7 (0.28) 99.2 144 0.43 (0.05) 0.23 (0.30) Smooth
C-UN-I-UN-40-8 8 5.5 (0.81) 98.9 139 0.29 (0.04) 0.01 (0.01) Smooth
C-UN-I-UN-23-16 16 5.6 (1.22) 99.4 143 0.29 (0.14) 0.01 (0.00) Smooth
C-UN-I-UN-40-16 16 6.3 (0.63) 110 143 0.39 (0.15) 0.01 (0.00) Smooth
Note: Average value (standard deviation).
Fig. 7. Typical experimental pullout load versus slip plots: (a) abrupt;
and (b) smooth.
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importance of the manufacturing process on the bond performance
in the sand-coated CFRP tendons.
Discussion
Effect of Tendon Diameter
The sand-coated tendons from Group D, with a diameter
D ¼ 5.4 mm, exhibited lower bond strength values than the
sand-coated tendons from Group C-SL with D ¼ 4.2 mm. If the
effect of the different epoxy matrix on the bond strength is ne-
glected, the D-II-FS specimens with a 28% greater diameter had
on average a 53% lower bond performance than the C-SL-I-FS
specimens. A certain difference between the two groups of
sand-coated CFRP tendons due to the difference in diameter is ex-
pected due to shear lag effects. However, the difference in the em-
bedment length between the two groups should also be considered.
In the C-SL-I-FS specimens the embedment length ratio is 9.5D
whereas in the D-II-FS specimens it is 7.4D. Therefore, a more
nonuniform bond stress distribution along the relatively longer em-
bedment length would imply that the relative bond strengths of
the smaller diameter C-SL-I-FS specimens could be even higher.
A 6% drop in the bond strength of the CFRP uncoated tendons
with a Young’s modulus EL ¼ 158 GPa and cast in ultrahigh-
performance fiber-reinforced concrete was previously observed
with an increase in tendon diameter of 25% (Sayed et al. 2011).
In the same study a decrease of 13% was recorded with an increase
in embedment length from 5 to 10D. The differences between the
bond strengths of the C-SL-I-FS and D-II-FS specimens could also
be attributed to the quality of the external sand coating layer, differ-
ent epoxy matrix and potential differences in the manufacturing
process. Another factor to be considered is the difference in the
elastic modulus between Groups D and C-SL. CFRP tendons with
the same matrix (vinylester), diameter, and surface profile (sand
coating) as GFRP tendons but higher elastic modulus have exhib-
ited consistently higher bond strength (Baena et al. 2009). How-
ever, in this study differences in the elastic modulus between
specimens and groups of tendons are a maximum of 5% and there-
fore this effect is not considered to play a significant role.
Bond Failure Mechanisms
All the full and half sand-coated tendons irrespective of the expo-
sure time and tendon diameter failed at the interface between the
sand coating layer and the core tendon. Fig. 8(a) shows a typical
pullout test specimen after being split open for investigation. The
failure at the sand coating layer interface can be seen at the loaded
end, where the sand coating layer of the previously bonded area
was full detached and adhered to the concrete. This suggests that
the adhesion between the sand particles and the concrete layer is
high. Therefore the argument that the adhesion is lost at small slip
values (CEB-FIP 2000) may not be valid for CFRP sand-coated
tendons. In the uncoated tendons, the failure interface was between
the CFRP outer surface and the concrete layer [Fig. 8(b)]. A resin-
rich surface was not observed in these tendons [Fig. 3(c)] and there-
fore a potential shear failure within the matrix did not occur. Using
Method I, mixed types of bond failure mechanisms including con-
crete pullout and failure at the interface between the sand coating
layer and the concrete were observed in four D-II-FS and one
C-SL-I-FS specimens. Concrete failures were mostly observed at
the free end of the specimens that were directly exposed in water,
perhaps due to localized swelling effects. Microvoids were ob-
served in most specimens at the failed sand coating layer within
the concrete. This could be attributed to the denser distribution
of the sand particles and entrapped air voids. This might also ex-
plain the mixed bond failure mechanisms where failure lies in the
concrete layer due to a localized weakening of the cement paste.
Mixed types of concrete radial splitting and failure at the interface
between the sand coating layer and the core tendon were mainly
observed in the D-II-FS specimens despite the lower bond strength
developed. This mixed type of failure seems to be independent of
the exposure regime. However, radial cracking might have occurred
in more specimens but this could not be easily observed using In-
spection method I. Typical SEM photos with bond radial cracking
are depicted in Fig. 9. The cracks in the uncoated tendon specimens
had a width of up to 2.58 μm and maximum length of 1 mm. In the
sand-coated tendons 2–4 diametrically opposite radial cracks were
observed. The crack widths varied from 8 to 18 μm and in most
cases extended to the boundary of the microscopy samples. Obser-
vations of an untested D-II-FS specimen under the microscope
showed no radial cracking due to thermal and swelling expansion
and autogenous shrinkage. Hence, the cracking could be due to
high bearing stresses generated during pulling out of the sand-
coated tendons. In the uncoated tendons, swelling effects might
have a greater relative influence due to their higher moisture
absorption rate (Toumpanaki 2015).
Effect of Exposure on the Maximum Bond Strength
The average bond strengths with respect to exposure time are plot-
ted in Fig. 10. For ease of comparison, time shift factors were
Fig. 8. Typical bond failure in (a) sand-coated tendons; and (b) uncoated tendons.
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analytically calculated for the 40°C specimens to determine an
equivalent exposure time at 23°C. These were based on the mass
uptake rates, k, from the Arrhenius relationship
k ¼ A exp
−Eα
RT

ð1Þ
where k = mass uptake rate = ΔM=Δt; ΔM = mass uptake; Δt =
change in time; A = constant of the material and moisture absorp-
tion process; Eα = activation energy; R = universal gas constant;
and T = Kelvin temperature, of equivalent dry uncoated CFRP ten-
dons immersed in water at 23, 40, and 60°C. The parameters A, Eα
were derived by plotting the natural log of time to reach specific
mass uptake values (e.g., 0.20–1.60%) versus the inverse of tem-
perature (1=T) based on Eq. (2)
lnðΔtÞ ¼ ½lnðΔMÞ − lnðAÞ þ Eα
R
1
T
ð2Þ
The time shift factor at 40°C was derived from the ratio of the
mass uptake rate, k, at 40°C to the mass uptake rate at the reference
temperature 23°C. More details can be found in Toumpanaki
(2015). It was assumed that the same accelerated aging process
was activated irrespective of the initial moisture content. Time shift
factors of 3.1 and 3.5 were adopted for the sand-coated and un-
coated 40°C specimens respectively. The specimens exposed at
40°C have been highlighted in Fig. 10 for clarity. The error bars
indicate one standard deviation for specimens at each expo-
sure time.
The bond strength values for the full sand-coated (C-SL-I-FS),
half sand-coated (C-SL-I-HS), and uncoated tendons (C-UN-I-UN)
with a core tendon diameter 4.2 mm and cast in Concrete mix I are
shown in Fig. 10(a) at each exposure time. There was no clear trend
in the bond strength degradation in the Group C full and half sand-
coated tendons even after roughly 1.5 years of exposure at 40°C
(220 weeks of equivalent exposure time at 23°C). An average drop
of 7% in bond strength was measured in the full sand-coated ten-
dons after 71 weeks of exposure at 23°C but an increase of 12% was
observed for the same immersion time at 40°C. A trend where
the bond performance improved with exposure time was observed
in the C-UN-I-UN smooth tendons with a maximum increase in
bond stress of 69% after roughly 56 weeks of equivalent exposure
at 23°C. This increase can be attributed to tendon swelling and con-
crete shrinkage although these factors seem to be less pronounced
in the full sand-coated tendons where the variability in the sand
coating layer was a greater consideration. Similar conclusions were
drawn for the D-II-FS sand-coated tendons and an increase in the
bond performance with exposure time was observed to reach a peak
of 150% after 142.6 weeks of equivalent exposure as indicated
in Fig. 10(b). Comparatively, a greater scatter was observed in the
D-II-FS specimens.
Effect of Exposure on the Residual Bond Strength
The residual bond strength is defined as the friction component in
the descending branch of the pullout load versus slip plots. The
residual bond strength is associated with the widening of the cracks
and localized bond failure. This is more common in sand-coated
CFRP tendons where bond failures take place at small slip values.
A high frictional bond can control the crack width and crack spac-
ing and thus the deformability of a structural member.
The residual bond strengths of the full and half sand-coated
specimens are shown as a function of exposure time in Fig. 11.
To calculate the residual strengths, an average of the bond stresses
Fig. 9. Radial cracking in (a) C-SL-I-FS-23-16; (b) C-SL-I-FS-40-71; (c) D-II-FS-40-35; and (d) C-UN-I-UN-40-16 specimens.
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developed between the maximum slip at failure and a free end slip
of 5 mm was calculated. The average residual bond strengths for
the C-SL-I-FS, C-SL-I-HS, and D-II-FS specimens irrespective
of the exposure time were 7.3 0.88, 7.2 0.62, and 5.3
1.57 MPa respectively. The D-II-FS specimens showed a 27%
lower residual bond strength and higher standard deviation when
compared with the C-SL-I-FS specimens. This drop in residual
bond strength is less than the observed 53% drop in maximum bond
strength. The shear lag effects appear to be less important for the
residual bond strength due to the absence of outer resin-rich layer at
the failed interface. The drop in residual bond strength was pri-
marily attributed to the Poisson’s ratio effect and secondarily to
differences in the resin matrix. The C-SL-I-HS and C-SL-I-FS
specimens had similar residual bond strengths. The residual bond
strength in the C-SL group (resin/resin bond failure interface) was
higher than the maximum bond strength of the uncoated tendons
(concrete/CFRP bond failure interface) assuming that the differ-
ence in the epoxy material had only a small effect on the frictional
component. An ascending trend was more pronounced in the
D-II-FS group compared with the C-SL-I FS specimens. This could
be attributed to a higher swelling expansion due to the greater diam-
eter in the D-II-FS specimens either from the exposed unbonded
free length or from the concrete humid environment, or concrete
shrinkage effects.
Effect of Exposure on the Bond Stiffness
The surrounding concrete pore solution and high concrete relative
humidity conditions can have a plasticizing effect on the outer resin
layer that would have more of an impact on the resin fracture tough-
ness than on the ultimate bond strength. A potential increase in
toughness of the sand coating layer under humid conditions can
be reflected on the slip values and on the gradient of the ascending
branch of the bond stress-slip plots from the pullout tests. Fig. 12(a)
shows the bond stress versus relative slip (sl − sf , where sl is the
slip at the loaded end and sf is the free end slip) up to failure for
representative specimens in the C-SL-I-FS group after 8, 24, and
220 weeks of equivalent exposure time at 23°C. Higher slip values
at low bond stress levels were recorded for specimens tested after
8 weeks of equivalent exposure. However, if the gradients of the
plots are defined as the ratio of the maximum bond strength to
the maximum loaded end slip, there is a total overall average in-
crease in gradient of 67% between specimens exposed at 40°C for
71 weeks (220 weeks of equivalent exposure at 23°C) and speci-
mens exposed at 23°C for 8 weeks. Similar trends were observed
in the D-II-FS group as shown in Fig. 12(b) with a 96% stiffer
response after 46 weeks of exposure at 40°C (142.6 weeks of equiv-
alent exposure at 23°C) attributed to concrete autogenous shrink-
age. In Fig. 12(b), two typical specimens at each exposure time
were plotted and the plots have been truncated at 11 MPa for clarity
irrespective of the higher ultimate bond strength obtained by some
specimens.
Effect of the Sand Coating Layer Variability on the
Maximum Bond Strength
To validate the image processing technique, the ratios of the sand
coating layer Rsand, resin-rich layer Rresin, and uncoated regions
Run are plotted in Fig. 13 for the Group C-SL half and full sand-
coated tendons. The difference in the Rsand+Rresin ratio between
the full and half sand-coated tendons was on average 19%. This
agreed well with the relevant 24% average difference in the bond
strength values. However, as discussed in Toumpanaki et al. (2014)
the identification of a clear boundary between the bare and sand-
coated surface in half sand-coated tendons was hindered by peak
Fig. 10. Bond strength with equivalent immersion time at 23°C for the (a) C-SL-I-FS, C-SL-I-HS, and C-UN-I-UN tendons; and (b) D-II-FS and
C-SL-I-FS tendons.
Fig. 11. Residual bond strength with equivalent immersion time at
23°C for the C-SL-I-FS, C-SL-I-HS, and D-II-FS tendons.
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intensity values of remaining rough resin-rich surfaces that were
incorrectly identified as sand particles by the program but could
also play a secondary role in the mechanical interlocking effect.
In the boundary region, the color of the external resin-rich layer
changed to a whiter surface due to the abrasion in the removal
of the sand particles. Fig. 14 shows the bond strengths for both
the C-SL-I-FS and D-II-FS groups as a function of Rsand+Rresin.
The trends in the Rsand+Rresin ratio generally follow the trends in
the bond strength variations but deviations can be observed. The
image processing results do not correlate well for specimens from
both D-II-FS and C-SL-I-FS groups where the highest bond
strength values were recorded [e.g., C-SL-I-FS-c-0 (2) and D-II-
FS-40-46 (1)]. The resulting lower than expected Rsand+Rresin
values were attributed to the difficulty in detecting agglomerated
sand particles visually observed on the tendon surfaces during
specimen preparation. In this case, 3D scanning of the sand coating
layer would be required to capture the surface morphology, because
a digital image is only a 2D representation of the surface. Lumps of
sand particles could then be considered as a corroboratory param-
eter in the Rsand value. If specimens with an agglomeration of sand
particles such as C-SL-I-FS-c-0 (2) and C-SL-I-FS-40-70 (1) were
neglected, the difference in the bond strength between full and half
sand-coated tendons would drop to 21%, and this is closer to the
theoretical value based on the imaging technique. Other parameters
for consideration are the chemical composition and stiffness of the
sand coating layer because these can vary between products and
within the same batch due to differences in curing. Overall, the
method seems to provide a good general indication of the bond
strength variations for tendons within the same group, C-SL-I-FS
or D-II-FS, but outliers were noted.
Analytical Modeling of Bond Behavior
For design purposes several bond stress-slip models for FRP rods
have been proposed in the literature (Malvar 1995; Focacci et al.
2000; Cosenza et al. 1995). These analytical models are either
modified by established bond stress-slip laws for deformed steel
bars [e.g., the modified Bertero Eligehausen Popov (mB.E.P.)
model by Cosenza et al. 1996] or recommended for FRP reinforce-
ment and prestressing applications (Bruggeling 1995). In this study
we investigated the two of the most commonly applied bond stress
slip models for CFRP rods.
• mB.E.P. model (Cosenza et al. 1996).
This is a modified version of the bond stress slip law pro-
posed by Eligenhausen et al. (1983) for deformed steel bars
in which the second branch of the equation is neglected
τ ¼ τm

s
sm

α
; s ≤ sm ð3Þ
τ ¼ τm

1þ p − p s
sm

; sm < s ≤ su ð4Þ
where α = coefficient that describes the ascending branch; p =
coefficient that describes the descending branch; τm = maxi-
mum bond strength; sm = slip at the maximum bond strength;
and su = ultimate slip.
• Cosenza Manfredi Realfonzo (C.M.R.) model (Cosenza et al.
1995)
τ ¼ τm½1 − expð − s=smÞβ ð5Þ
where β = coefficient derived from the curve fitting of experi-
mental data.
The proposed models in the literature seem not to differentiate
between the different variations in the external surface of FRP
Fig. 12. Indicative ascending branches of bond stress versus sl − sf behavior at equivalent 23°C immersion times for (a) C-SL-I-FS; and (b) D-II-FS
tendons.
Fig. 13. Run, Rresin, and Rsand ratios for C-SL-I-FS and C-SL-I-HS
tendons.
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rods (e.g., helically wrapping, sand coating layer and resin ribs).
However, it should be noted that sand-coated tendons usually
exhibit more sudden bond failures and the descending branches
of the bond stress-slip plots (Fig. 7) cannot be simulated by the
“softening” (more parabolic shaped) behavior of the aforemen-
tioned bond stress-slip laws. To reflect the bond failure mechanism
observed in the sand-coated CFRP tendons, the descending branch
can either be simulated with a bilinear model or a hyperbolic equa-
tion. In the former case, the bilinear model consists of a steep gra-
dient (sudden drop) followed by a lower gradient p 0 that is more
representative of the frictional bond component. In this study, a
simplified unilinear bond stress slip relationship with a decreasing
gradient p 0 is proposed in lieu of Eq. (4) of the mB.E.P. model for
the descending branch
τ ¼ τfr − p 0ðs − smÞ; sm < s ≤ su ð6Þ
where τfr = frictional bond strength at a value lower than τm.
To define the coefficients α and β in the bond stress-slip models,
the maximum bond strength τm, and maximum slip sm, several
methods have been adopted in the literature. These can be grouped
into either analytical closed form solutions or curve fitting methods
based on experimental data and the assumption of a uniform bond
stress distribution along the embedment length. In the analytical
closed form solutions, an equilibrium-based or energy-based ap-
proach (Focacci et al. 2000) is adopted. In the former case, analyti-
cal equations are derived from the equilibrium of forces between
the bar, the bond stresses, and the concrete tensile stresses gener-
ated during pulling out of the FRP rod. In the latter, the work done
by the external forces is equated to the internal elastic energy of the
bar (Focacci et al. 2000) or in terms of the area underneath the τ − s
and σ − s curves (Pecce et al. 2001).
Here the bond coefficients of the bond stress-slip models are
calculated by curve fitting the experimental data. This is more ac-
curate when small embedment lengths are used in the pullout tests
(2–3D), where a uniform bond stress distribution can be assumed
along the bonded length. However, with small embedment lengths,
small variabilities in the surface profile can be magnified and thus
the bond stress-slip models can differ significantly between sam-
ples. By increasing the embedment length, a lower Young’s modu-
lus of an FRP bar results in greater slip values at the loaded end than
at the free end. A nonuniform bond stress distribution arises from
the differential slip of the ends and the assumption of an average
uniform bond stress distribution is no longer appropriate (Pecce
et al. 2001). Therefore, it is possible that different bond stress-slip
laws apply for the free and loaded end slip in standard pullout tests
with longer embedment lengths. Here emphasis is given to the
loaded end slip values.
A least-squares regression analysis was adopted and applied to
the experimental bond stress-loaded end slip. The bond parameters
and the indication of the fit R2 for the ascending branch of the mB.
E.P. [Eq. (3)] and C.M.R. [Eq. (5)] bond stress-slip models and for
the linear descending branch [Eq. (6)] are summarized in Table 5
for full and half sand-coated tendons and uncoated tendons after
8 weeks of exposure. For the sand-coated tendons, values after
0, 10, 46, and 71 weeks of exposure are also listed to study differ-
ences due to exposure.
The ascending branch of the mB.E.P. model gave the best fit for
all the CFRP specimens irrespective of the surface deformation and
the exposure regime (Fig. 15). The linear descending bond stess-
slip model seems to fit well with the frictional bond experimental
data, whereas the τfr coefficients are higher than the average ex-
perimental residual bond strength of the CFRP tendons. A linear
ascending bond stress-slip model (α ¼ 1) seems to correlate better
with the C-SL and C-UN bond stress-slip experimental curves. The
different surface conditions in the C-SL-I-FS, C-SL-I-HS, and
C-UN-I-UN tendons seem not to affect the bond stiffness (exponent
terms) of the respective bond stress-slip laws for the same exposure
time. The Group D tendons with the larger diameter (D ¼ 5.4 mm)
seem to yield lower exponent terms than those for Groups C-SL
and C-UN. The average bond parameter α in the mB.E.P. model
generally decreases with exposure time. A decrease in the bond
parameter α results in an increase in the bond stiffness and this
correlates with the experimental data. Bond coefficients α ¼
0.178 0.039 (STDV) and β ¼ 0.392 0.226 (STDV) for the
mB.E.P. and C.M.R. model respectively have been reported by
Baena et al. (2009) for helically wrapped sand-coated GFRP bars
with τm ¼ 17.34 2.67 (STDV) MPa and sm ¼ 2.62 2.28
(STDV) mm. In the same study, it was highlighted that the bond
parameters should be corrected for the effect of the diameter to
achieve better pullout load-slip predictions. Pecce et al. (2001)
adopted the mB.E.P. model and used an energy-based closed form
solution for deformed GFRP bars yielding α ¼ 0.245 0.619
Fig. 14. (a) Bond strength values versus ratio of sand coating layer for C-SL-I-FS and C-SL-I-HS tendons; and (b) bond strength values versus ratio of
sand coating layer for D-II-FS.
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(STDV), τm¼14.650.11 (STDV) MPa, and sm ¼ 0.253 0.181
(STDV) mm irrespective of the bonded length. Deviations on the
calculated bond coefficients were also observed for the same
bonded lengths.
Conclusions
The experimental findings suggest that exposure in water, irrespec-
tive of the exposure temperature (23 or 40°C), did not degrade the
ultimate bond shear strength of CFRP tendons in high-strength
concrete. The variability in the sand coating layer seemed to
greatly affect the bond strength of CFRP tendons, highlighting
the need for better qualitative tests during manufacturing and in-
stallation. Group C-SL sand-coated tendons with smaller diameters
(D ¼ 4.2 mm) achieved approximately twice the bond strength of
the Group D-II-FS (D ¼ 5.4 mm) tendons. This was attributed to
differences in the resins and curing and the relative influences of
Poisson’s ratio and shear lag effects due to the diameter differen-
ces. Half sand-coated tendons exhibited a 24% lower bond strength
than full sand-coated tendons. This could provide the basis for de-
sign guidance to account for handling losses in CFRP sand-coated
tendons. An image processing technique was designed to quantify
the effect of the sand coating layer variations on the bond strength
performance. The technique predicted the bond strength trends
fairly well but as it was based on a representation of a 2D tendon
profile, agglomerated sand particles that contributed to high bond
strength performances could not be detected. The bond strength of
uncoated smooth tendons generally increased with exposure time
(up to 69%) and was potentially due to the combined effects of
CFRP tendon swelling and concrete autogenous shrinkage. An in-
crease in the bond stiffness of the CFRP tendons was observed
with increasing immersion time. An abrupt bond failure was
common in the sand-coated CFRP tendons with a shearing off
of the external sand coating layer. Radial cracking was also noted
and attributed to the high bearing stresses in several sand-coated
specimens and a higher propensity for swelling in the uncoated
tendons. The mB.E.P. bond stress–slip model seems to fit better
than the C.M.R. model with the experimental data of the sand-
coated tendons irrespective of any variations in the surface profile
or in the diameter. A linear descending bond stress-slip relationship
was proposed for the frictional bond component of the sand-coated
tendons and seems to correlate well with the experimental results.
Fig. 15. Experimental data versus bond stress-slip models.
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